Baculovirus DNA binding protein (DBP) binds preferentially single-stranded DNA in vitro and colocalizes with viral DNA replication sites. Here, its putative role as viral replication factor has been addressed by RNA interference. Silencing of DBP in Autographa californica multiple nucleopolyhedrovirus-infected cells increased expression of LEF-3, LEF-4, and P35. In contrast, expression of the structural genes coding for P39 and polyhedrin was suppressed while expression of genes coding for P10 and GP64 was unaffected. In the absence of DBP, viral DNA replication sites were formed, indicating replication of viral DNA. Electron microscopy studies, however, revealed a loss of formation of polyhedra and virus envelopment, suggesting that the primary role of DBP is viral formation rather than viral DNA replication.
The baculovirus DNA binding protein (DBP) has been identified in cells infected with Bombyx mori nucleopolyhedrovirus (BmNPV) as a single-stranded DNA binding protein that is able to unwind partial DNA duplexes in an in vitro system (17) . Both the BmNPV dbp and the homologous gene of Autographa californica multiple nucleopolyhedrovirus (AcMNPV) with 96% nucleotide sequence identity colocalize with DNA replication sites (15, 20) . Thus, DBP has been suggested to play a role in viral DNA replication.
To address the function of DBP, we performed RNA silencing experiments with AcMNPV-infected Spodoptera frugiperda IPLB-SF21 cells. Previous studies demonstrated the efficiency of RNA interference to knock down baculoviral genes and study their impact during the viral infection cycle (4, 11, 16, 22) . To silence the dbp gene, specific double-stranded RNA (dsRNA) was prepared using the T7 RiboMax Express RNAi system (Promega). The cloned cDNA of the AcMNPV dbp gene served as a DNA template to generate dsRNA corresponding to 609 bp at the 5Ј terminus of dbp (15) (primer 1a, 5Ј-GGGTAATACGACTCACTATAGGATGGCAACTAAA CGCAAG-3Ј; primer 1b, 5Ј-GGGCACACGTTTGGTTCCA T-3Ј; primer 2a, 5Ј-GGGTAATACGACTCACTATAGGGC ACACGTTTGGTTCCAT-3Ј; and primer 2b, 5Ј-GGATGGC AACTAAACGCAAG-3Ј). As a control, we used dsRNA corresponding to a 600-bp fragment of the green fluorescent protein (GFP) gene as described recently (11) . S. frugiperda cells were transfected with 20 g of DBP dsRNA or 5 g of GFP dsRNA as calcium phosphate precipitates (BD BaculoGold) followed by infection with AcMNPV (10 PFU/cell).
Immunoblot analysis was used to analyze the efficiency of RNA silencing. Detergent-based nuclear and cytoplasmic extracts were prepared at 8, 16, 24, and 48 h postinfection (p.i.) as described previously (19) . The polyclonal antiserum directed against BmNPV DBP (20) recognized a polypeptide of about 34 kDa from 16 through 48 h p.i. in nuclear extracts of the cells transfected with control GFP dsRNA. In contrast, no DBP expression was visible upon transfection of DBP dsRNA, indicating efficient silencing of dbp (Fig. 1A) .
To study the effect of DBP suppression on viral gene expression, we analyzed expression of early genes. The immediateearly protein IE2 is detectable from 2 until 12 to 24 h p.i. in S. frugiperda cells (13) . Here, we observed IE2 in cells transfected with either GFP dsRNA or DBP dsRNA at 8 h p.i. declining at 16 h p.i. (Fig. 1A) . While no effect on the IE2 level was found, the loss of DBP correlated with increased expression of LEF-3, LEF-4, and P35 (Fig. 1A) . Quantitation revealed up to fivefold more LEF-3 in the absence of DBP as compared to LEF-3 levels in cells transfected with GFP dsRNA. The effect was most prominent at 16 and 24 h p.i. and decreased at 48 h p.i. The relative increase of p35 and LEF-4 was lower than that of LEF-3. P35 was approximately threefold higher at all times tested, while LEF-4 was highest at 24 h p.i.
To determine whether the effect was specific for viral proteins, we also monitored the cellular TATA-binding protein (TBP). TBP levels increase late in infection, and TBP colocalizes with viral DNA replication centers (21) . The loss of DBP, however, influenced neither the increased TBP level during late phases of infection nor the expression level compared to those in cells transfected with GFP dsRNA (Fig. 1A and B) .
LEF-3, like DBP, is a single-stranded DNA binding protein (3, 7, 14, 17) . In vitro assays revealed multiple functions of LEF-3, suggesting a role in viral replication, repair, and recombination of the viral genome (18) . LEF-3, but not DBP, is essential for DNA replication in transient assays (12) . The two other factors influenced by the loss of DBP are not directly involved in viral DNA replication. LEF-4, a component of the viral RNA polymerase, is essential for late gene expression as well as for production of viral progeny (6, 11) . P35 acts as an apoptotic suppressor and is required to prevent apoptosis in AcMNPV-infected S. frugiperda cells (1, 2, 8) . Whether the increased levels of LEF-3, LEF-4, and P35 are a direct effect of DBP silencing has still to be shown. In addition, we cannot exclude effects on further viral genes, since availability of antibodies limits the analysis. Overexpression studies might shed light on the impact of increased LEF-3, LEF-4, and P35 on infection.
DBP and LEF-3 localize in viral DNA replication centers, and the formation of distinct DBP and LEF-3 sites is thought to be coupled to the initiation of viral DNA replication (15, 20) . Hence, we analyzed whether replication sites are still formed in cells with suppressed DBP and increased levels of LEF-3. Nuclear DNA replication sites were visualized after incorporation of 5-bromo-2Ј-deoxyuridine (BrdU) by staining with an anti-BrdU antibody (15) . Indirect immunofluorescence (23) . (E) Polyhedrin was viewed by Ponceau staining. Expression of DBP, LEF-3, IE2, TBP, LEF-4, P39, P10, and polyhedrin was analyzed on samples prepared from nuclear protein extracts, and P35 and GP64 expression was detected in cytosolic extracts that were prepared as described previously (19) . Protein size markers are shown on the left, and the identities of the viral proteins are indicated on the right. (20) . (B) Cells fixed at 8 h p.i. were costained with mouse monoclonal anti-BrdU antibody and with rabbit anti-LEF-3 antiserum (1:2,000 diluted) (3) or stained with rabbit anti-Sf/TBP antiserum (1:1,000 diluted) (clone 3890; I. Quadt, unpublished results). Rabbit antisera were visualized with Alexa Fluor 488-conjugated anti-rabbit immunoglobulin G (Molecular Probes) diluted 1:2,000 (green), and mouse monoclonal antibodies were visualized with Alexa Fluor 555-conjugated anti-mouse immunoglobulin G (Molecular Probes) diluted 1:2,000 (red). Specimens were mounted and viewed under a Leica DM RE microscope linked to a Leica SP/2 confocal unit as described previously (15) . Images were captured with a 63ϫ objective and a 1.32 NA. Confocal sections and merges of confocal sections are shown. Arrowheads mark colocalization of LEF-3 and BrdU. Fig. 2A ) (15) . Confocal images indicated colocalization of DBP and BrdU in early and enlarged replication sites, confirming recent results in AcMNPV-infected TN-368 cells ( Fig. 2A ) (15) . By 16 h p.i., DBP staining still corresponded to replication sites, although it was also observed at the rim of nuclei as described recently ( Fig. 2A) (15) . In cells treated with DBP dsRNA, the formation of replication foci and their increase in size and intensity exactly paralleled those in the control cells, suggesting that viral DNA replication was relatively normal in the absence of DBP (Fig.  2A) . As compared to control cells, DBP was observed in ninetimes-fewer infected cells, which most likely represented those cells that were not transfected with DBP dsRNA (data not shown).
To further characterize the DNA replication sites, we analyzed the localization of LEF-3 and TBP, which both colocalize with viral DNA replication sites (15, 21) . At 8 h p.i. LEF-3 was found in distinct nuclear dots that colocalized with DNA replication sites in both DBP-suppressed and control cells (Fig.  2B) . Quantitation revealed approximately the same number of cells with LEF-3 and BrdU foci in GFP and DBP dsRNAtreated cells (data not shown). In addition, the loss of DBP did not influence the localization of TBP in nuclear dots which have been shown to resemble early viral replication sites (Fig.  2B) (21) . Our results further support that viral DNA replication sites are formed in the absence of DBP and irrespectively of increased LEF-3 levels.
To investigate whether silencing of DBP affected structural genes and production of viral progeny, we initially analyzed expression of late and very late genes. Immunoblots revealed no effect on the accumulation of the envelope protein GP64 or on the very late protein P10 in cells with suppressed DBP (Fig.  1C and D) . Interestingly, levels of the capsid protein P39 and the very late polyhedrin protein were reduced in DBP-suppressed cells compared to control cells ( Fig. 1C and E) .
The reduction in capsid and polyhedrin proteins suggested that virus assembly may be affected by the suppression of DBP. Thus, electron microscopy (EM) studies were performed. Cells transfected with either GFP or DBP dsRNAs were infected and fixed with 2% glutaraldehyde-4% paraformaldehyde at 48 h p.i., followed by standard embedding, thin sectioning, and staining for EM analysis as described previously (23) . Based on the presence of nucleocapsids and/or fibrillar structures, the numbers of infected cells were comparable in DBP-suppressed and control cells (see Fig. 4 ). Furthermore, no alterations were observed in the formation of fibrillar structures, which are composed of P10 and are localized in the cytoplasm as well as in the nucleus (Fig. 3A and B) . The number of cells with polyhedra, however, was significantly lower in DBP-suppressed cells (Fig. 3A to D and Fig. 4 ). These findings correlate with the unchanged protein levels of P10 and the reduction of polyhedrin in DBP-suppressed cells ( Fig. 1D and E) . While nucleocapsids were present in all cells, enveloped virions were only detectable in a few cells, which likely represent those cells that did not take up DBP dsRNA (Fig. 3E and F and Fig. 4) . Interestingly, membranous aggregates appeared in DBP-suppressed cells, in addition to alterations of the virogenic stroma, suggesting that silencing of DBP interferes with envelopment of nucleocapsids (Fig. 3C, D, and F) .
In summary, our results support an essential role of DBP for the production of viral progeny. The EM studies demonstrate the loss of polyhedra and enveloped nucleocapsids in DBPsuppressed cells, while fibrillar structures and nucleocapsids were still detectable. The nucleocapsids had a dense core, indicating that they are filled with DNA (5); yet, it is still an open question as to whether nucleocapsids were properly assembled. At this point, we do not know whether the decrease in enveloped nucleocapsids is due to a block at envelopment or to misassembly of the nucleocapsids. In this context, it is interesting that DBP was not detected in budded or in occlusion-derived virions of BmNPV, suggesting that DBP is not associated with mature viral DNA, at least in BmNPV (20) . Taken together, the results of our studies suggest that DBP plays an essential role during virus assembly. Although DBP is found in DNA replication sites, its absence does not affect the formation of these sites.
